sonicated cell fragments died after several hours or days. Results from 51Cr release experiments demonstrated that the cytolytic enterotoxin had significant membrane-damaging capability. These results indicated that the cytolytic and enterotoxic activities expressed by the described A. hydrophila toxin may contribute significantly to the pathogenesis of disease associated with A. hydrophila.
Aeromonas hydrophila is known for its ability to cause wound infections and is associated with diarrheal disease (4, 10, 31, 33, 34) . The exact mechanisms for the pathogenesis of A. hydrophila mediated diseases are not understood presently; however, several extracellular products of this organism may play a very important role in the disease process (28, 29) . There has been controversy in the literature regarding whether or not the enterotoxic and cytotoxic activities of A. hydrophila toxins reside on the same molecule (1, 15, 28) . Asao et al. (1) have reported the purification of a 50,000-dalton protein hemolysin from A. hydrophila culture filtrates (referred to here as Asao hemolysin) that induced fluid accumulation in infant mouse intestine and rabbit ileal loop assays and was cytotoxic to Vero cells. Further studies indicated that in some cases cytotoxic activity correlated with enterotoxic activity (13, 21) . More recently, Bunning et al. (6) provided additional evidence for a cytotoxic enterotoxin by demonstrating that both the hemolytic and enterotoxic activities were inhibited by antihemolysin. Also, Chakraborty et al. (8) have cloned and mapped a gene from A. hydrophila that was demonstrated to code for the Asao hemolysin (1). Campbell and Houston (7) reported the presence of a cholera toxin-cross-reactive factor in culture supernatants of A. hydrophila grown in Casamino Acids-yeast extract broth. We have identified cholera toxin cross-reactivity as well as cytotoxic and enterotoxic activities in culture filtrates of a pathogenic isolate (SSU) of A. hydrophila (7) . In addition, Chopra et al. (11) have identified both a cholera toxin-cross-reactive factor (now referred to as cytolytic enterotoxin) and an enterotoxin produced by A. hydrophila isolates that did not cross-react with cholera toxin. We report here the bioactivity and immunological characterization of a purified cytolytic enterotoxin that pos-MATERIALS AND METHODS Bacterial cultures. Bacterial cultures and the purification of the cytolytic enterotoxin of A. hydrophila SSU are described in the accompanying report (32) .
Hemolytic assay. A modification of the method of James et al. (20) was used to determine hemolytic activity of A. hydrophila cytolytic enterotoxin preparations. A 100-,ul volume of A. hydrophila cytolytic enterotoxin serially diluted twofold in phosphate-buffered saline (PBS) was mixed with an equal volume of a 2% suspension of rabbit erythrocytes, incubated at 37°C for 1 h, and refrigerated at 4°C overnight. Hemolytic units were defined as the reciprocal of the highest dilution demonstrating approximately 50% erythrocyte hemolysis.
Chromium-51 release from CHO cells as a measure of cytotoxicity. CHO cells were plated in a 96-well microtiter plate at a concentration of 2 x 104 cells per well in F-12 medium containing 10% fetal calf serum. An equal volume of medium containing 51Cr (100 ,uCi/ml) was added immediately to each well. The cells were incubated overnight to form a monolayer and to allow incorporation of 51Cr. The cells were washed three times to remove excess 51Cr, and 0.18 ml of medium (without fetal calf serum) was added followed by 0.02 ml of the sample to be tested (0.20 ml, total volume). Cytolytic enterotoxin (<1 ,ug/ml) was used in this experiment. PBS was used as a control. After the specified incubation period, 0.1 ml of culture fluid (one-half the total volume) was removed from each well, and counts per minute were determined in a Beckman gamma counter. Spontaneous release was determined from 0.1 ml of culture fluid from control wells. Total radioactivity incorporated was determined by counting the remaining 0. Rabbit intestinal loop assay. The rabbit ligated intestinal loop assay was performed in young New Zealand White rabbits (1.4 to 2.0 kg), essentially as described by De and Chatterjee (14) . Volumes of 0.5 ml of the purified cytolytic enterotoxin were injected into each 5-cm loop. CYE broth and isotonic saline were used as negative controls. Approximately 18 h later, the animals were sacrificed and fluid accumulation was measured. Loops containing at least 1.0 ml of fluid per cm were considered positive.
Mouse lethality assay. The potential lethality of purified cytolytic enterotoxin, whole viable bacteria, or sonicated bacterial cell fragments was determined by intravenous injection into mice. Samples were diluted in PBS, and groups of five mice for each dilution were injected via the tail vein with 0.1-ml volumes. Mice were observed for time of death after each injection. Noninoculated CYE broth or the appropriate buffer was used as negative controls.
Preparation of anti-cytolytic enterotoxin. A 10-ml volume of cytolytic enterotoxin containing 0.8 mg of protein was diluted with an equal volume of incomplete Freund adjuvant. Each of four rabbits was injected with 4 ml of the immunization mixture subcutaneously, intramuscularly, and intradermally. Booster immunizations were repeated twice 30 days apart. Seven days after each booster injection, blood was collected by cardiac puncture and serum was isolated by centrifugation after clotting. Serum samples were assayed for antitoxin activity by enzyme-linked immunosorbent assay (ELISA).
Preparation of anti-cholera toxin. Anti-cholera toxin was produced by immunizing rabbits, as described above, with pure whole cholera toxin from the classical biotype strain 569B, which does not produce hemolysin (16) . Monospecific antitoxin was obtained by immunosorbent column chromatography using the B subunit of cholera toxin covalently attached to Sepharose 6B. B subunit was prepared as previously described (24) and attached to Sepharose 6B after cyanogen bromide activation (12) .
ELISA. The indirect ELISA method of Voller et al. (38) , with slight modification (17) , was used to detect and quantitate A. hydrophila cytolytic enterotoxin antigen. Cholera toxin, used as a positive control antigen, was purchased from List Biological Laboratories, Inc. (Campbell, Calif.) . The cholera toxin preparation from Vibrio cholerae Inaba 569B migrated as a single major band in SDS gel electrophoresis (nondenaturing conditions) and gave a sharp immunoprecipitation band against cholera antitoxin. Rabbit antibody to cholera toxin and to purified A. hydrophila cytolytic enterotoxin was used in the second step of the ELISA as described previously (17) .
SDS-PAGE. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to determine the molecular weight of cytolytic enterotoxin and for immunotransblot analysis. The method of Laemmli (25) was used with slight modification. Cytolytic enterotoxin samples were added to sample buffer and heated in a boiling water bath for 10 min before being applied to gels (12% polyacrylamide), unless otherwise specified. Electrophoresis was allowed to proceed until the tracking dye migrated near to the bottom of the gel. The Bio-Rad silver staining procedure (Bio-Rad bulletin no. 1089) originated by Merril et al. (30) was used in this study. Prestained high-molecular-weight markers (Bethesda Research Laboratories, Gaithersburg, Md.) were included to allow molecular weight determination of the cytolytic enterotoxin.
Immuno-transblot analysis (Western transfer). After the electrophoretic separation of the cytolytic enterotoxin protein samples in a polyacrylamide gel, the cytolytic enterotoxin antigen was transferred electrophoretically to a nitrocellulose membrane essentially as described by Towbin et al. (36) . Specific cytolytic enterotoxin antigens were detected by an immunoperoxidase staining method (22) . Antigens detected by the immunoblot assay system appeared as purple bands against a white background.
Cytolytic enterotoxin neutralization. Various concentrations of culture filtrate or purified cytolytic enterotoxin in PBS (pH 7.4) were mixed with an equal volume of immune serum to purified cytolytic enterotoxin (or cholera antitoxin) or with antiserum to Asao hemolysin and incubated at 37°C for 1 h before storage at 4°C overnight. Neutralization of cytolytic activity was tested with the CHO cell cytotoxicity and hemolytic assays. Antiserum to the Asao hemolysin (1) was generously provided by G. Stelma of the Food and Drug Administration, Cincinnati, Ohio.
LPS analysis. Lipopolysaccharide (LPS) analysis utilized the silver staining procedure of Tsai and Frasch (37) .
RESULTS
The procedure employed to purify A. hydrophila cytolytic enterotoxin involved ammonium sulfate precipitation, hydrophobic column chromatography using phenyl-Sepharose, and anion-exchange chromatography using DEAE-Bio-Gel A, followed by size-exclusion chromatography by highperformance liquid chromatography (32) . Hemolytic and cytotoxic activities as well as cholera toxin cross-reactivity consistently coeluted in the same peak from each column during purification. Purified cytolytic enterotoxin obtained from the high-performance liquid chromatography TSK columns indicated a single protein band with a molecular weight of 52,000 when subjected to SDS-PAGE under reducing and nonreducing conditions. Automated N-terminal protein sequence analysis indicated only one protein sequence (32) . In addition, purified preparations of cytolytic enterotoxin were free of proteolytic and phospholipase activities as determined by casein agar and egg yolk agar assays, respectively (data not shown). A. hydrophila cytolytic enterotoxin preparations did not contain LPS as determined by LPS staining and Western blot analysis (laboratory observation).
Immunological characterization. When immune rabbit antiserum to cytolytic enterotoxin (as well as cholera antitoxin) was used in the ELISA, cytolytic enterotoxin antigen could be detected in purified preparations, culture filtrates, and sonic extracts. Conversely, antiserum to the cytolytic enterotoxin reacted weakly with cholera toxin in the ELISA. Immunoblotting of the purified cytolytic enterotoxin with cholera toxin antibody revealed a single band at 52,000 molecular weight (Fig. 1A) . When homologous antibody was used in the immunoblot assay with the cytolytic enterotoxin antigen, a well-defined single band also was observed at 52,000 molecular weight (Fig. 1B) . Preimmune serum used in both the ELISA and immunoblots as a negative control showed no reactivity. Neutralization of the hemolytic activity expressed by A. hydrophila enterotoxin was obtained by using immune rabbit antiserum to the purified cytolytic enterotoxin as well as antibodies to the hemolysin purified by Asao et al. (1) (Table 1) . A similar neutralization pattern was observed when the CHO cell assay was used to monitor the cytotoxic activity expressed by the A. hydrophila toxin. Cholera antitoxin failed to neutralize any of the biological activities associated with the cytolytic enterotoxin. Biological activities. Intravenous injection of 100 [LI of the cytolytic enterotoxin (<1 ,ug/ml) into the tails of mice caused rapid death of the animals within minutes, whereas intravenous injection of washed whole viable A. hydrophila cells or sonicated cell fragments caused death after approximately 14.5 h ( Table 2 ). To establish that the cytolytic enterotoxin possessed enterotoxic activity in addition to cytolytic activity, 0.5-ml samples (containing <1 ,ug of cytolytic enterotoxin) were injected into four 5-cm ligated rabbit intestinal loops (Table 3) . Approximately 18 h after injection, there was an average fluid accumulation of 1.9 ml/cm from four (1.5-to 2.0-kg) New Zealand White rabbits, indicating a positive enterotoxic response. In addition, the A. hydrophila enterotoxin expressed cytotoxic activity causing membrane damage to CHO cells as evidenced by Giemsa staining and 51Cr release. Figure 2 demonstrates the relative amounts of Physicochemical inactivation of biological activities. Hemolytic activity of the A. hydrophila toxin and cholera toxin cross-reactivity were evaluated after the protein was incubated for 10 min at various temperatures (Table 4 ). Heating at 56°C for 10 min destroyed virtually all of the crossreactivity and hemolytic activity associated with the cytolytic enterotoxin. Heating at 56°C for only 2 min was sufficient to destroy approximately 90% of the hemolytic activity (Fig. 3) . Importantly, both the hemolytic activity and cholera toxin cross-reactivity were destroyed concomitantly (Table 4) . Furthermore, toxin samples heated at 56°C for 10 min did not cause fluid accumulation in rabbit ileal loops as compared with unheated controls. When samples of the cytolytic enterotoxin were exposed to buffers of various pHs for 1 h at 25°C and subsequently adjusted to pH 7.0, both the hemolytic activity and the cholera toxin cross-reactivity of the toxin were concomitantly reduced below pH 5 and above pH 8 (Fig. 4) . Isoelectric focusing of a partially purified preparation of cytolytic enterotoxin indicated that the toxin has an isoelectric point of 5.1. Treatment of purified cytolytic enterotoxin with trypsin (1:10, wt/wt, enzyme to substrate) for 1 h at 37°C showed protease resistance since no molecular alteration of the toxin was evidenced by SDS-PAGE (data not shown). The trypsin-treated preparation was as biologically active as controls (untreated with trypsin) as indicated by hemolytic assay. Controls consisting of trypsin only were not hemolytically active.
DISCUSSION
We have isolated and purified a 52,000-molecular-weight cytolytic enterotoxin from CYE culture filtrates of A. hydrophila, isolate SSU, that lysed rabbit erythrocytes, damaged CHO cells, caused fluid accumulation in rabbit ligated ileal loops, was lethal to mice when injected intravenously, and cross-reacted immunologically with cholera toxin. Immune rabbit antiserum to isolated cytolytic enterotoxin was used in the ELISA and Western blots to detect and further characterize this toxin. This antiserum was determined to be highly specific for the cytolytic enterotoxin. Neutralization of the hemolytic and cytotoxic activity expressed by the A. hydrophila toxin was achieved by using this immune rabbit antiserum to the isolated cytolytic enterotoxin and antibodies to Asao's toxin (1) . Cholera antitoxin failed to neutralize b ELISA absorbance readings of temperature-treated toxin preparations were obtained using cholera antitoxin. Samples of cytolytic enterotoxin were subjected to 56°C and subsequently assayed for hemolytic activity and cholera toxin crossreactivity. Symbols: M, hemolytic activity at 56°C; 0, cross-reactivity at 56°C; O, hemolytic activity at 37°C; 0, cross-reactivity at 370C.
the hemolytic as well as enterotoxic activities associated with this molecule, although cholera toxin antibodies can bind to the cytolytic enterotoxin in the ELISA and Western blot assays. This could be possible if the antigenic sites recognized by cholera antitoxin are at different locations on the toxin molecule than the biological active sites for hemolytic and enterotoxic activities. Alternatively, this phenomenon may be due to a low avidity by cholera antitoxin for the cytolytic enterotoxin. In addition, antibodies to the A. hydrophila toxin reacted with cholera toxin as determined by Samples of partially purified cytolytic enterotoxin were incubated over a pH range of 1 to 10 for 1 h. After the pH was adjusted to 7.0, the samples were subjected to an ELISA (A405), using cholera antitoxin, and hemolytic assay.
VOL. 57, 1989 (27) and Thelestam and Ljungh (37) . the ELISA and immunoblotting. Since the specificity of the prepared antitoxin was to the B subunit of cholera toxin, the observed cross-reactivity must at least in part relate to this subunit. The molecular basis for the observed immunological cross-reactivity between the cytolytic enterotoxin and cholera toxin is presently an open question. A computer comparison of proaerolysin, which showed a chemical similarity to the A. hydrophila cytolytic enterotoxin, with cholera toxin by using a BIONET (IntelliGenetics, Inc.) amino acid sequence comparative program (ALIGN) revealed no evidence of significant chemical similarity. It is not known, however, whether proaerolysin cross-reacts with cholera toxin. It is possible that the basis for the observed crossreactivity was due to a fortuitous occurrence of a small chemically similar region of amino acid sequence in both proteins that was immunogenic and immunoreactive. Alternatively, juxtaposition of residues giving a region of sequence that forms a common epitope on both proteins could have occurred as a result of secondary structural folding, e.g., on the face of an a.-helix.
The exact mechanism for enterotoxic or cytotoxic activity of cytolytic enterotoxin is presently unknown. Assaying toxin preparations for enterotoxic activity in CHO cells by measuring adenylate cyclase stimulation was not possible because of the presence of cytotoxic activity; however, it may be possible to measure whether or not cytolytic enterotoxin stimulates adenylate cyclase by using a pigeon or turkey erythrocyte lysate assay. When purified cytolytic enterotoxin preparations were injected into ligated rabbit intestinal loops, there was an average fluid accumulation of 1.9 ml/cm. This was a significant amount of accumulated fluid since only 0.1 ml of cytolytic enterotoxin per cm was injected into the loops initially. We considered a positive enterotoxic response to be accumulation of at least 1.0 ml of thin, watery fluid per cm. Cytolytic enterotoxin elicited a lethal response similar to that of Shiga toxin (23) when administered intravenously into mice: hind-leg paralysis, followed by respiratory failure within 2 min after initial 0.1-ml injections of dilutions of up to 1:16. A similar neurotoxic response was observed in mice with intravenous administration of Shiga toxin, with the exception that the symptoms first became apparent after about 48 h (23) . Shiga toxin also possesses enterotoxic activities as evidenced by fluid accumulation in rabbit ligated loops. The mechanism of action for the Shiga toxin enterotoxic response is still not known. Cytolytic enterotoxin also caused cytotoxic damage to CHO cells as evidenced by Giemsa staining and 51Cr release (Fig. 2 ). Howard and Buckley (18) reported that aerolysin caused the formation of holes in erythrocyte membranes, which were sized by molecular weight markers. The observed chemical similarity between A. hydrophila cytolytic enterotoxin and aerolysin argues for the fact that the cytolytic enterotoxin also may be capable of causing holes to occur in membranes of various types of cells. We have observed that treatment of CHO cells with cytolytic enterotoxin caused their membranes to shrink around their nuclei (pyknotic effect). This may be due to intracellular components leaking out of the cell because of membrane hole formation by cytolytic enterotoxin. More detailed experiments will have to be conducted to verify this hypothesis.
Additional evidence for the close association of the hemolytic activity and cholera toxin cross-reactivity was obtained in our laboratory from a temperature stability study (Table 2) and a pH stability profile (Fig. 4) . Both hemolytic activity and cholera toxin cross-reactivity of the cytolytic enterotoxin were concomitantly lost during time-course incubation at 56°C for up to 15 min. These results agreed with A. hydrophila hemolysin data previously reported (27, 35) . Our experimental evidence suggested that the rate of heat inactivation of enterotoxic activity was the same as that of cytotoxic activity, in contrast to reports by Ljungh et al. (28) . Similar heat-inactivation association between enterotoxic and cytotoxic activities also was reported by Asao et al. (1) . They identified a 50,000-molecular-weight component (P-hemolysin) from A. hydrophila that was hemolytic to rabbit erythrocytes, elicited cytotoxicity to Vero cells, and caused fluid accumulation in infant mouse intestines and rabbit ligated ileal loops. Their toxin was inactivated by heating for 5 min at 56°C.
It is very likely that the aerolysin first described by Bernheimer and Avigad (2) and recently cloned by Chakraborty et al. (8) and Howard and Buckley (19) , the Phemolysin which was purified by Asao et al. (1) , the cytotoxic enterotoxin reported by Bunning et al. (6) , and the cytolytic enterotoxin described in this report are 
